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A B S T R A C T

Background: Non-small-cell lung cancer NSCLC is the major diagnosed type of lung cancers in the USA and 
Europe. It is generally related to poor prognosis and low rates of survival. Oleandrin is a cardiac glycoside 
occurring naturally in Nerium oleander (Apocynaceae).
Purpose: To explore the potential therapeutic value of oleandrin against different cancer types with emphasis on 
NSCLC.
Methods: The effect of oleandrin in inhibiting the growth of different cancer cells was measured. In addition, 
oleandrin activity in inhibiting cell migration, suppression of MELK and inducing different modes of cell deaths 
were investigated using in silico, in vitro, and in vivo methods.
Results: Oleandrin showed activity at low nanomolar level against 17 different types of cancer cells including 
NSCLC. Our investigations in A549 cells indicated that oleandrin is a MELK inhibitor, as it disrupted the 
microtubule network and inhibited migration of A549 cells. Moreover, it induced apoptosis, autophagy, and 
ferroptosis. Furthermore, our in vivo data revealed that oleandrin had significantly decreased tumor growth in a 
A549 xenograft zebrafish model in a dose-dependent manner. In silico analyses revealed that oleandrin bound to 
the ligand binding pocket with higher binding affinity than the known inhibitor MELK-8a. The binding was 
further confirmed in vitro using microscale thermophoresis. An ADMET (absorption, distribution, metabolism, 
excretion, toxicity) analysis, together with our in vivo toxicity studies and the previous clinical studies suggest 
that oleandrin has an acceptable safety profile.
Conclusion: Oleandrin could potentially have therapeutic effects for NSCLC patients and possibly for other cancer 
types.

Introduction

Lung cancer is the second leading cause of death related to cancers in 
the USA. It is usually associated with poor prognosis and low survival 
rates. In the USA and Europe, >80 % of cases are histologically diag
nosed as non-small cell lung cancer (de Jager et al., 2024; Siegel et al., 

2023). The treatment approach for this type of cancer consists of sur
gery, radio-, immune-, and chemotherapy. Immunotherapy includes 
therapeutic antibodies such as PD-1 inhibitors (pembrolizumab, atezo
lizumab, cemiplimab, durvalumab, nivolumab), immune checkpoint 
inhibitors (tremelimumab, ipilimumab), and angiogenesis inhibitors 
(bevazimumab). Combination chemotherapy comprises classical 

Abbreviations: ADMET, absorption-distribution-metabolism-excretion-toxicology; DMSO, dimethyl sulfoxide; MELK, maternal embryonic leucine zipper kinase; 
MOE, molecular operating environment; MST, microscale thermophoresis; NSCLC, non-small cell lung cancer; RT-qPCR, Real-time quantitative polymerase chain 
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cytotoxic compounds such as cisplatin/ carboplatin, vinorelbine, 
pemetrexed, and paclitaxel (https://www.onkologie2024.de/#/inhal 
t/solidetumoren/b14lungenkarzinome/nichtkleinzelliges-lungenkar 
zinom-nsclc?q=lunge&tab=). For targeted chemotherapy small mole
cule drugs are used such as ALK tyrosine kinase inhibitors (ceritinib, 
crizotinib), and multi-kinase inhibitors (entrectinib) (Ettinger et al., 
2022). Nevertheless, unfavorable side effects of cytotoxic and targeted 
drugs as well as therapeutic antibodies along with the risk of developing 
drug resistance drives the attention in oncological research towards the 
discovery of new molecules.

Since it has been characterized as a promising therapeutic target for 
multiple cancers, continuing research attempted to elucidate the role of 
maternal embryonic leucine zipper kinase (MELK) (Gray et al., 2005). 
MELK or murine protein Ser/Thr kinase 38 (MPK38) is a conserved ki
nase in the Snfl/AMPK family of serine/threonine kinases (Ganguly 
et al., 2015). This protein is overexpressed in different types of cancer 
including hepatic, ovarian, breast, cervical, colorectal, pancreatic, 
brain, bladder cancers and non-small cell lung cancer (NSCLC) (Chen 
et al., 2020; Kohler et al., 2017; Marie et al., 2008; Minata et al., 2014; 
Ni et al., 2024; Pickard et al., 2009; Wang et al., 2024; Xia et al., 2016).

In primary tumors and small cell lung cancer (SCLC) cell lines, MELK 
was identified as promising target for SCLC due to its frequent over
expression. The growth of all SCLC cell lines tested was inhibited by 
MELK knockdown or by treating the cells with the MELK inhibitor 
OTS167 (Inoue et al., 2016).

In NSCLC, the up-regulation of MELK, which is mediated by KLF5 
and BBOX1-AS1, accelerated the progression of the disease. The ma
lignant potential was reduced by treatment with the MELK inhibitor 
OTSSP167 (Shi et al., 2021). High levels of MELK can also aggravate 
lung adenocarcinoma because it controls EZH2 ubiquitination and 
H3K27me3 histone methylation of LATS2. Consequently, MELK 
silencing inhibited the tumor formation in nude mice (Yu et al., 2024).

In healthy cells, mitosis is tightly controlled. However, in cancer 
cells, it is frequently disturbed, leading to erroneous cell divisions and 
tumorigenesis. Antimitotic agents, including taxanes and Vinca alka
loids, are clinically well-established chemotherapeutics targeting mi
crotubules. The eminent role of mitosis in cancer biology prompted the 
development of additional anti-mitotic drugs by addressing other 
mitosis-related targets such as mitotic kinesins, farnesyl transferase, 
heat-shock protein Hsp90, and the mitotic checkpoint 
(Dominguez-Brauer et al., 2015; Sudakin and Yen, 2007). Notably, in a 
cohort of stage 1 primary lung adenocarcinoma, the mitotic count was 
the only independent prognostic marker for survival (Duhig et al., 
2015).

MELK is essential for mitotic progression in various cancers (Tang 
et al., 2020; Wang et al., 2018). Some studies linked MELK with 
metastasis and poor prognosis, because the knockdown of MELK 
impaired cell migration (Du et al., 2014; Xu et al., 2020). Moreover, 
radioresistance of cancer cells was associated with elevated expression 
of this protein (Choi and Ku, 2011; Kim et al., 2015; Speers et al., 2016). 
MELK is an essential oncogenic kinase in lung cancer, which controls 
metastasis (Speers et al., 2016). It contributed to the proliferation of 
stem-like cell-derived tumors (Liu et al., 2017; Nakano et al., 2005). 
Besides, it inhibited apoptosis by interacting with pro-apoptotic Bcl-2 
family members (Lin et al., 2007). Notably, the growth of cancer cells 
was effectively inhibited by the prototype MELK inhibitors NVS-MELK8a 
and OTS167 (Alachkar et al., 2014).

Oleandrin is a cardiac glycoside naturally present in all parts of the 
oleander tree (Nerium oleander L., Apocynaceae). Oleandrin has been 
used in traditional medicine for the treatment of a wide range of ill
nesses, such as scabies, strokes, control of fertility, sores, dermatitis, 
epilepsy, herpes, and leprosy (Dunn et al., 2011; Lans, 2007; Murshed 
et al., 2024; Zhai et al., 2022). Furthermore, oleandrin has demonstrated 
different in vitro activities, including cardioprotective (Gayathri et al., 
2011), antimicrobial (Bhuvaneshwari et al., 2007), and anticonvulsant 
effects (Singhal and Gupta, 2011) as well as larvicidal and mosquitocidal 

effects against Plasmodia (El-Akhal et al., 2015; Fakoorziba et al., 2015), 
anti-poliovirus (Sanna et al., 2021), SARS-CoV-2 inhibitory activity 
(Plante et al., 2021), and most importantly, anticancer activity. 
Recently, our research group revealed that a standardized leaf extract 
from Nerium oleanderL. (termed “Breastin”) was cytotoxic towards 14 
hematopoietic tumor cell lines (multiple myeloma, leukemia) and cell 
lines derived from solid tumors (Rashan et al., 2023).

Here, we are continuing our studies on N. oleander as anticancer 
agent. Therefore, we aimed to investigate the anticancer activity of 
oleandrin as a principal toxic and pharmacologically active constituent 
in this plant (Langford and Boor, 1996) by treatment of different cancer 
cell lines. Specifically, we explored the MELK inhibitory effect of ole
andrin in lung cancer cells.

Materials and methods

Chemicals

Oleandrin 98 % (CAS:465–16–7) was purchased from Cymit Quimica 
SL. (Barcelona, Spain).

Cell lines

The 40 cell lines of the Oncotest panel used in this investigation have 
been described (Fiebig et al., 1992; Roth et al., 1999).

The lung cancer cells A549 ATM+/+ and A549 ATM–/– were kindly 
provided by Prof. Susan P. Lees-Miller (Charbonneau Cancer Institute, 
University of Calgary, Canada). Both lung cancer cells H460 MSH6+/+

and H460 MSH6–/– were provided by Prof. Anatoly Zhitkovich (Brown 
University, Department of Pathology and Laboratory Medicine, Provi
dence, Rhode Island). The drug-sensitive CCRF-CEM T-ALL and their 
counterpart multidrug-resistant P-glycoprotein-overexpressing CEM/ 
ADR5000 leukemia cells were obtained from Dr. Axel Sauerbrey (Chil
dren’s Hospital, University of Jena, Germany). The glioblastoma cells 
U87.MG and its drug-resistant U87.MGΔEGFR subline were supplied by 
Webster K. Cavenee (Ludwig Institute for Cancer Research, University of 
California at San Diego, La Jolla, CA, USA). The HCT116 (p53+/+) 
colorectal cancer cells and their knockout clones HCT116 (p53–/–) were 
a gift from Dr. B. Vogelstein and H. Hermeking (Howard Hughes Medical 
Institute, Baltimore, MD). Both MDA-MB-231 BCRP and MDA-MB-231 
PARP3–/– breast cancer cells were generously provided by Prof. 
Françoise Dantzer (Universite de Strasbourg, Institute de Recherche de 
l’Ecole de Biotechnologie de Strasbourg, France). The multiple myeloma 
cell lines AMO1 and OPM2 were obtained from Dr. Manik Chatterjee 
and Dr. Ellen Leich (University of Würzburg, Germany). Both B16-F1 
cells and B16-F10 cells were provided by Prof. Ugur Sahin (TRON- 
Translational Oncology at the University Medical Center of Johannes 
Gutenberg University GmbH, Mainz, Germany), SK-MEL-505 melanoma 
cells and wild-type U2OS osteosarcoma cells were provided by Dr. 
Wynand P. Roos (Institute of Toxicology, Medical University Center, 
Mainz, Germany). U2OS cells stably transfected with GFP-α-tubulin 
fusion cDNA were obtained by Dr. Joachim Hehl (Light Microscopy 
Centre, ETH, Zurich, Switzerland). The melanoma cells MaMel-80a cells 
and Mel-2A cells were supplied by Prof. David Schrama (Department of 
Dermatology, Julius-Maximilians University, Würzburg, Germany). The 
kidney embryonic cells HEK293/ABCB5 were obtained from Prof. 
Yoshikazu Sugimoto (Division of Chemotherapy, Faculty of Pharmacy, 
Keio University, Tokyo, Japan). AML12 normal hepatocytes were ob
tained from the American Type Cell Culture Collection ATCC (USA). The 
MRC-5 normal lung fibroblasts were supplied by Dr. rer. nat. Sebastian 
Zahnreich (University Medical Center Mainz, Germany).

The SK-MEL-28, MaMel-80a and SK-MEL-505 melanoma cell lines, 
H460 MSH6+/+ and H460 MSH6–/– lung cancer cell lines, as well as 
CCRF-CEM and CEM/ADR5000 T-acute lymphoblastic leukemia cells 
were cultured in RPMI-1640 (Life Technologies, Darmstadt, Germany) 
supplemented with 10 % FBS (Life Technologies) and 1 % penicillin 
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(1000 U/ml)/streptomycin (100 μg/ml) (Life Technologies). All other 
cell lines were cultured in DMEM (Life Technologies) enhanced with 10 
% FBS (Life Technologies) and 1 % penicillin (1000 U/ml)/streptomycin 
(100 μg/ml) (Life Technologies). The cells were incubated in 5 % CO2 at 
37 ◦C.

Samples of fresh blood were collected from three healthy donors at 
the Department of Hematology, Oncology, and Pneumology (University 
Medical Center of the Johannes Gutenberg University, Mainz, Ger
many). The samples were kept in plastic Monovette EDTA tubes. Human 
peripheral blood mononuclear cells (PBMCs) were isolated using His
topaque® (Sigma-Aldrich, Taufkirchen, Germany). Aliquots of fresh 
blood (3 ml) were added carefully at the top of Histopaque® and 
centrifuged at 400 × g for 30 min. Afterward, the PBMC-containing layer 
was separated, washed three times with PBS, and centrifuged at 250 × g 
for 10 min. The PBMCs were suspended in Panserin 413 growth media 
(PAN-Biotech, Aidenbach, Germany) with 2 % phytohemagglutinin M 
(PHA-M, Life Technologies).

Cell viability assays

Propidium iodide cell viability assay: A modified propidium iodide 
assay was used to assess the compound’s activity in Oncotest’s panel of 
40 tumor cell lines (Dengler et al., 1995; Rashan et al., 2023).

Resazurin reduction assay: The cell viability of cells was studied using 
the cell-permeable redox indicator resazurin. Aliquots of 100 μl of 
growth medium were used to suspend 1 × 104 or 5 × 103 cells per well 
for suspended or adherent type of cells, respectively, in a flat bottom 96- 
well plate. The cells were then treated with 100 μl medium containing 
different concentrations of oleandrin. Serial dilutions of oleandrin in 
DMSO were prepared. The final concentration was ranging from 3 nM to 
500 nM in a final volume of 200 μl/ well. Cells treated with 0.5 % of 
DMSO were considered as negative control. The plates were incubated 
for 72 h at 37 ◦C and 5 % CO2. Resazurin 0.01 % w/v (Sigma–Aldrich, 
Darmstadt, Germany) was added and incubated for 4 h. The fluores
cence produced by the reduction of resazurin by living cells was 
measured using an Infinite™ M2000 Pro plate reader (Tecan, Crail
sheim, Germany).

The resazurin assay was also used to investigate the influence of the 
ferroptosis inhibitor ferrostatin-1 on A549 cells treated with oleandrin, 
as previously described (Mbaveng et al., 2019). Aliquots of 5 × 103 

cells/well were cultured with ferrostatin-1 (50 μM) for 1 h before 
exposure to treatment. Subsequently, cells incubated with different 
concentrations of oleandrin were incubated for 48 h in a 5 % CO2 
environment at 37 ◦C, and resazurin solution (20 µl 0.01 % w/v) was 
added to each well and incubated in the dark for a further 4 h. The 
Infinite™ M2000 Pro plate reader was used for fluorescence 
measurement.

The IC50 value of various cell lines based on a calibration curve was 
determined by exponential linear regression analysis using Microsoft 

Excel. The results were given as mean ± SD of at least three different 
independent trials with each six parallel measurements for each calcu
lated IC50.

Transcriptomics

A549 cells were subjected to either DMSO or 6.98 nM oleandrin (=
IC50) and incubated for 24 h. RNA was extracted using InviTrap® Spin 
Universal RNA Mini Kit (stratec Molecular GmbH, Berlin, Germany). 
The process of quality control of total RNA, probe labelling, scanning, 
hybridization, and data analysis of the samples was performed at the 
Genomics and Proteomics Core Facility of the German Cancer Research 
Center (DKFZ, Heidelberg, Germany). Microarray hybridizations were 
performed using Affymetrix GeneChips® with human Clariom™ S as
says (Affymetrix, Santa Clara, CA, USA) (Boulos et al., 2023b).

The results were analysed using Chipster software (version 3.16.3) to 
compare the differentially expressed genes in the treated and untreated 
groups. The resulting filtered genes were analysed using the core anal
ysis tool of the Ingenuity Pathway Analysis (IPA) software (Qiagen, 
Redwood City, CA, USA) to determine the effect of oleandrin.

Real-time quantitative polymerase chain reaction (RT-qPCR)

One microgram of the extracted RNA was converted to cDNA 
following the manufacturer guidelines of the LunaScript® RT SuperMix 
Kit (NEB #E3010) (New England Bio Labs, Darmstadt, Germany). The 
PCR primers were designed using PrimerBank (harvard.edu) (Wang 
et al., 2012), proven with the Oligo Analysis Tool from Eurofins Geno
mics Germany GmbH (Ebersberg, Germany), and purchased from this 
supplier. The sequences of the primers are shown in Table 1.

The primers were mixed with 5 × Hot Start Taq EvaGreen® qPCR 
Mix (Axon-Labortechnik, Kaiserslautern, Germany) and the cDNA 
following the manufacturer instructions and then subjected to CFX384™ 
Real-Time PCR (Bio-Rad Laboratories GmbH, Feldkirchen, Germany), 
using GAPDH as control gene. Each sample in duplicates was measured 
at least three times.

Expression data of the target gene were displayed as fold change 
adjusted to the GAPDH gene for the DMSO only treated control sample. 
Regarding the test sample, the gene expression fold change in compar
ison to the untreated control is revealed by the analysis of 2^-ddct after 
normalization to the GAPDH gene.

To verify the results obtained from microarray hybridization, we 
exemplarily selected three upregulated genes and three downregulated 
ones (CXCL5, TFPI2, EIF1, RPL41, CCT3, and EIF5). Besides those genes, 
we also detected MELK, three of autophagy-related genes (BECN1, 
ATG5, and SQSTM1/p62) and three of ferroptosis-related genes (GPX4, 
ACSL4, and TRFC).

Table 1 
The sequences of qRT-PCR primers (5′ to 3′).

Genes Forward primer Reverse primer

CXCL5 AGCTGCGTTGCGTTTGTTTAC TGGCGAACACTTGCAGATTAC
TFPI2 TCCTGCCCCTAGACTACGG CTCCCAGGTGTAGAAATTGTTGG
EIF1 GAAACGGCAGGAAGACCCTTA CGGATGCTCAATTACAGTACCAT
EIF5 TTAATCGGCCTCCAACGTATCC CTTGCAGCTTATTCGCCTCAT
CCT3 AAGTCCATGATCGAAATTAGCCG TGCTCAGCTACAGACAGCATT
RPL41 GGAAACCTCTGCGCCATGA CCCACAACTTGTACCAGCATCC
GAPDH CCCCAGCAAGAGCACAAGAGGAAGAG TGATGGTACATGACAAGGTGCGG
MELK CTCCGCCCCTCAGAGTGATT AGCTCTCCTCCAGGGCAGTA
GPX4 CCCGCTGTGGAAGTGGATGA TGTGGAGAGACGGTGTCCAA
ACSL4 CGAGCTTTCCGAGTGCCAG CAGTACAGCCAAGGCAGTTCAAT
TRFC ACCATTGTCATATACCCGGTTCA CAATAGCCCAAGTAGCCAATCAT
BECN11 TGGGGAGGTTAGGATTTGGGA GAGCCGTAGGGTGGAAAGC
ATG5 AGCCGGAAGGAGGAGCCATA TCGTCCAAACCACACATCTCG
SQSTM1 GATTCGCCGCTTCAGCTTCT AAAGGCAACCAAGTCCCCGT
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Single-cell electrophoresis (comet) assay

We performed single-cell gel electrophoresis comet assays using a 
described protocol (Olive and Banáth, 2006) and U2OS cells. The cells 
were treated with oleandrin concentrations equivalent to 0.5 IC50, IC50, 
2 × IC50, and 4 × IC50 for 48 h. Untreated cells served as a negative 
control, whereas cells treated with 150 μM of tert‑Butyl hydroperoxide 
(t-BuOOH) for 1 h served as a positive control. Cells were embedded in 
0.5 % low melting point agarose in PBS and spread onto glass slides 
coated with 1.2 % agarose. Cells were lysed in lysing solution (for 
neutral comet: 2.5 M NaCl, 100 mM EDTA, 10 mM Tris, 1 % 
Na-laurylsarcosinate, 1 % Triton X-100, pH 7.5. For alkaline comet: 2.5 
M NaCl, 100 mM EDTA, 10 mM Tris, 1 % Tryton-X100, pH 10). For 
neutral comet, slides were electrophoresed for 25 min in electrophoresis 
buffer (90 mM Tris pH 7.5, 90 mM boric acid, 2 mM EDTA) at 7.4 V/cm. 
For alkaline comet, DNA was allowed to unwind for 20 min in electro
phoresis buffer (0.3 N NaOH, 6 mM EDTA, pH > 13) followed by 15 min 
electrophoresis at 25 Volts and 300 mA. Slides were fixed in 100 % 
methanol and then air-dried. DNA was stained using propidium iodide 
(50 µg/ml) and 50 cells per slide were evaluated randomly using a 
fluorescence microscope and the Comet IV software (Perceptive Imag
ing, Liverpool, UK). Data are expressed as tail intensity, which denotes 
the percentage of DNA in the tail multiplied by the length between the 
center of the head and tail.

Western blotting

A549 cells were treated with oleandrin equivalent to 0.5 IC50, IC50, 2 
× IC50, and 4 × IC50 concentrations. After 48 h incubation, total protein 
was extracted with M-PER Mammalian Protein Extraction Reagent 
(Thermo Fisher Scientific, Darmstadt, Germany) as previously described 
(Zhou et al., 2023). Protein samples (30 μg) were separated using 10 % 
SDS-PAGE gel electrophoresis and then transferred to a PVDF mem
brane. The membrane was blocked at room temperature for 1 h using 5 
% BSA, then incubated overnight with the primary antibody at 4 ◦C. The 
following antibodies were used: MELK rabbit antibody (1:1000, Cell 
Signaling Technology, Leiden, Netherlands), caspase-3 rabbit antibody 
(1:1000, Cell Signaling Technology) and GAPDH rabbit antibody 
(1:1000, Cell Signaling Technology). The membrane was incubated with 
secondary anti-rabbit IgG HRP-linked antibody (1:1000, Cell Signaling 
Technology) for 1 h at room temperature. After treating the membrane 
with Luminata™ Classico Western HRP substrate (Merk Millipore 
Darmstadt, Germany), an Alpha Innotech FluorChem Q System (Biozym, 
Oldendorf, Germany) was used to visualize the bands. ImageJ software 
V5 (National Institute of Health, Bethesda, MD, USA) was applied to 
quantify the expression of the protein compared to untreated control.

Imaging the microtubule cytoskeleton by fluorescence confocal microscopy

Aliquots of 3 × 104 U2OS-GFP-α-tubulin cells were seeded on µ-Slide 
8 Well (ibidi GmbH, Gräfelfing, Germany), and incubated overnight at 
37 ◦C, 5 % CO2. Afterwards, the cells were treated with concentrations 
equivalent to 0.5 IC50, IC50, 2 × IC50, and 4 × IC50 of oleandrin. Un
treated cells served as negative control. Vincristine (0.25 µM, polymer
ization inhibitor) and paclitaxel (0.5 µM, depolymerization inhibitor) 
were used as positive controls. After 24 h incubation, the cells were 
washed with PBS, fixed with 4 % paraformaldehyde for 15 min. 
Following that, the cells were washed three times with PBS. The nucleus 
was stained with 4′,6-diamidino-2-phenylindole (DAPI, 1 µg/ml; Sig
ma–Aldrich, Darmstadt, Germany). The cells were washed three times 
with PBS, and ibidi mounting medium (ibidi, Gräfelfing, Germany) was 
applied to all slides. The AF7000 widefield fluorescence microscope 
(Leica Microsystems, Wetzlar, Germany) was used for imaging. GFP and 
DAPI were both excited by the blue laser (λ/nm = 470). The emission 
wavelengths were λ/nm = 525, λ/nm = 447 for GFP and DAPI, respec
tively. The images were analyzed using ImageJ software.

Detection of cell migration by in vitro scratch assay

An in vitro wound healing assay was used to test cell migration as 
previously described (Grada et al., 2017). Briefly, 0.2 × 106 A549 
cells/well were seeded in a 12-well plate. After overnight incubation, 
the cells attached as monolayer. A sterile 10 μl pipette tip was used to 
create cell-free zone across the cell monolayer in each well. The cells 
were treated with oleandrin equal to 0.5 IC50, IC50, 2 × IC50, and 4 ×
IC50 concentrations. Imaging was performed with a JuLIT™ Br Live Cell 
Movie Analyzer (NanoEnTek Inc., Seoul, Korea), with a 4× magnifica
tion object at T0, 24 h and 48 h. Image J software was used to measure 
the wound area. The experiment was repeated three times indepen
dently. The percentage of wound closure was calculated as follows: 

Wound Closure % =
At=0h − At=Δh

At=0h
*100% 

At=0 h is the area of the wound measured immediately after 
scratching.
At=Δh is the area of the wound measured in h (hours) after the scratch 
is performed.

Detection of apoptosis

The Violet Ratiometric Membrane Asymmetry Probe/Dead Cell 
Apoptosis Kit (Thermo Fisher Scientific, Darmstadt, Germany) was used 
to detect apoptosis in A549 cells. The kit was used following the 
manufacturer instructions. Briefly, 0.3 × 106 cells were seeded in a 6- 
well plate and then treated the next day with different concentrations 
of oleandrin (0.5 IC50, IC50, 2 × IC50, and 4 × IC50). After an incubation 
period of 48 h in 5 % CO2, 37 ◦C, the cells were harvested and washed 
twice with 1 ml of cold Hank’s balanced salt solution (HBSS), and finally 
resuspended in 1 ml of HBSS. Afterward, 1 µl F2N12S solution was 
added to each sample at a final concentration of 200 nM. Another 1 µl 
SYTOX® AADvanced™ dead cell stain solution was added at a final 
concentration of 1 µM. Untreated cells were used as negative control 
whereas camptothecin-treated cells (10 µM) were used as positive con
trol. The samples were analysed after 5 min incubation using Novocyte 
Quanteon (Agilent). In linear scale, the cells were gated SSC-A/ FSC-A. 
The single cell gating was achieved by SSC–H/ SSC-A. F2N12S was 
excited by the violet laser (405 nm) and fluorescence emission was 
detected using the orange fluorescence channel (586/20 bandpass filter) 
and the green fluorescence channel (525/45 bandpass filter). Both pa
rameters were recorded on linear scale. SYTOX® AADvanced™ was 
used for staining dead cells and was excited with a yellow-green laser 
(561 nm) and emitted light was collected using a 695/40 bandpass filter. 
Using FlowJo software (v10.10), the ratio of the orange fluorescence 
channel to the green fluorescence channel was set as a derived param
eter. The amount of living, apoptotic and dead cells was quantified. 
Three independent replications of the experiment were performed.

Detection of autophagy

Autophagy was analyzed using the Autophagy Detection Kit 
(ab139484, Abcam, Cambridge, UK) following the manufacturer in
structions. The method was described previously (Boulos et al., 2023a). 
Briefly, 0.3 × 106 of A549 cells were seeded in each well of a 6-well 
plate, incubated overnight, then treated with oleandrin concentrations 
equivalent to 0.5 × IC50, IC50, 2 × IC50 and 4 × IC50. The positive control 
rapamycin was added 18 h before analysis. After 48 h incubation time, 
the cells were collected and washed with PBS, resuspended in 250 µl of 
PBS with 5 % FBS. Green stain (250 µl; 1: 1000 in PBS with 5 %FBS) was 
added. The samples were incubated at 37 ◦C for 30 min. Later, the cells 
were collected by centrifugation, washed with assay buffer and resus
pended in 500 µl of the assay buffer. The samples were analyzed with an 
Accouri C6 flow cytometer (Becton-Dickinson, Heidelberg, Germany) 
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using a 530/30 nm band pass filter to detect green fluorescence. A total 
of 104 events were recorded per histogram. The gating strategy applied 
was FSC-A/SSC-A gate for living cells and FSC-A/ FSC–H for singlets. 
The analysis and graph generation were performed using FlowJo soft
ware. The experiment was repeated three times independently.

Molecular docking

Molecular Operating Environment (MOE, 2022.02, Chemical 
Computing Group Montreal, Canada) was used for the docking study. 
The crystal structure of MELK co-crystalized with NVS-MELK8a (PDB: 
5IH9) was used for docking of both oleandrin and its metabolite ole
andrigenin. The MELK inhibitor NVS-MELK-8a served as control. The 
protein was prepared for docking, hydrogens were added, and the pro
tonation states were assigned. These steps were performed by default 
with the software. The energy of the protein and of each ligand was 
minimized. The binding pocket was identified using site finder. All 

molecules were docked to the NVS-MELK8a binding site. Induced fit 
model was selected. We executed 100 poses for each process and 50 
refinements for each ligand. The scoring energy values were predicted 
by utilizing London dG scoring function. The results were expressed as S 
scores (the lower the score the stronger the binding affinity of the 
compound to the receptor). 2D interactions of amino acids with ligands 
were shown by MOE, whereas the 3D figures were generated using 
BIOVIA Discovery Studio visualizer (https://discover.3ds.com/discover 
y-studio-visualizer-download).

Microscale thermophoresis (MST)

Recombinant MELK protein (Cat: M50–18 G) was purchased from 
Sino Biological (Düsseldorf, Germany). The protein was labelled using 
the Monolith™ NT.115 Protein Labeling Kit BLUE-NHS (NanoTemper 
Technologies GmbH, Munich, Germany). The concentration of the 
labelled protein was determined using Nanodrop (Thermo Fisher 

Fig. 1. Comparison of IC50 values for 40 cell lines of different tumor origin from the Oncotest panel towards (A) Breastin and (B) oleandrin. The IC50 values for each 
cell line have been calculated from dose response curves. The individual IC50 values for each cell line have been used to calculate the mean IC50 value. The IC50 values 
of cell lines sensitive to Breastin or oleandrin were plotted as bars to the left side, those of resistant cell lines to the right side. The x-axis shows log IC50 whereas the y- 
axis shows the cell lines tested. The pattern of IC50 similarity among the 40 cell lines was calculated by using the Spearman correlation test (r = 0.84).
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Fig. 2. Growth-inhibitory effect of oleandrin towards 17 different human cancer cell lines in addition to two human kidney embryonic cell lines (HEK293, HEK293- 
ABCB5), and three normal cell types (human MRC-5 cell line, human PBMCs, and murine AML-12 cell line) as measured by the resazurin assay. The x-axis shows the 
concentration of oleandrin in nM, whereas the y-axis shows cell viability %. The results are shown as mean values ± SD of three independent experiments containing 
six replicates each.
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Scientific). The binding assay was executed as described previously 
(Omer et al., 2023). Sixteen serial dilutions of oleandrin were prepared 
in assay buffer (50 mM Tris buffer, pH 7.4 containing 150 mM NaCl, 10 
mM MgCl2, and 0.05 % Tween-20). The starting concentration was 300 
μM. The labelled protein was added to each dilution (1:1) and incubated 
for at least 5 min at room temperature. Using capillaries, the 16 samples 
were loaded to NanoTemper Monolith™ NT (NanoTemper Technologies 
GmbH, Munich, Germany). LED (Light Emitting Diodes) power was set 
to 80 % whereas the laser power was adjusted to 20, 40 and 60. The data 
were analyzed using MO. Affinity Analysis software generated the fit 
curve. The dissociation constant (Kd) was calculated as mean of three 
independent experiments.

Xenograft animal assay

China Zebrafish Resource Center (CZRC) in Wuhan, China, provided 
the wild-type AB strain of zebrafish. The in vivo experiments were 
approved by the Association for Assessment and Accreditation of Lab
oratory Animal Care International (SYXK, 2012–0171). The larval 
zebrafish, which were obtained through natural pair-mating two days 
after fertilization, were raised in light-controlled fish farming water with 
the following parameters: pH 6.9–7.2, conductivity 480–510 μS/cm, 
salinity 200 mg/l instant sea salt, photoperiod 14:10 h day/night, and 
temperature 28 ◦C. The fish were fed brine shrimp twice a day in 
addition to fry flakes once a day.

A549 cells were labelled with the fluorescent cellTracker™ CM-Dil 
dye (Thermo Fisher Scientific, Leiden, Netherlands) according to the 
manufacturer’s protocol. To create a xenograft model in zebrafish 200 
cells/fish were injected into the larvae yolk sac 48 h after fertilization 
(Zhang et al., 2021). Tumor growth in the model was assessed 24 h later, 
the fluorescence intensity (FI) of the A549 transplanted tumor was 
measured by a motorized fluorescent microscope with continuous zoom 
(AZ100, Nikon,Tokyo, Japan). Different concentrations of oleandrin 
were used for treatment of the created model for 24 h. The following 
formula was applied to calculate the inhibitory rate: 

inhibitory rate %= [1 - (FI of treated group/FI of untreated group)] ×
100 %.                                                                                               

n = 10 zebrafishes, FI= fluorescence intensity                                      

Results

Inhibition of cell viability by oleandrin

We first compared the responsiveness of 40 tumor cell lines from the 
Oncotest panel towards a cold-water extract of Nerium oleander termed 
Breastin with a main ingredient, oleandrin, using a propidium iodide- 
based cell viability assay. The IC50 values that have been calculated 
from dose response curves of all cell lines were used to determine the 
mean IC50 values. As shown in Fig. 1, the in vitro activity of oleandrin 
(IC50 = 0.026 µM, equivalent to 0.015 µg/ml) was 64-fold higher 
compared to Breastin (IC50 = 0.961 µg/ml). The IC50 values of the cell 
lines smaller than the mean value were plotted as bar to the left side. 
These were the sensitive cell lines. The IC50 values of the resistant cell 
lines were plotted to the right side. The IC50 profiles across the cell lines 
treated with Breastin (Fig. 1A) and oleandrin (Fig. 1B) were visually 
similar. To quantify the extend of similarity, we subjected the IC50 
values to the Spearman correlation test and obtained a correlation co
efficient of r = 0.84, indicating a high degree of similarity. Some of the 
cell lines were particularly sensitive to both Breastin and oleandrin, e.g., 
the lung cancer cell lines LXFL 629, LXFL 529, LXFL 1121, and LXFL 
NCI-H460, the pancreas cancer cell line PAXF PANC-1, the prostate 
cancer cell line PRXF DU-145, as well as the kidney cancer cell line RXF 
393.

As a next step, the cytotoxicity of oleandrin was tested using a second 
method, the resazurin reduction assay, against a broad panel of different 
human cancer cell lines derived from lung cancer (A549 ATM+/+, A549, 
ATM–/–, H460 MSH+/+, and H460 MSH6–/–), multiple myeloma (AMO1 
and OPM2), T-acute lymphoblastic leukemia (CCRF-CEM and CEM/ 
ADR5000), melanoma (SK-MEL-28, MaMel-80a, Mel-2A, SK-MEL-505), 
osteosarcoma (U2OS), breast cancer (MDA-MB 231 and MDA-MB-213- 
pcDNA3, MDA-MB-231-BCRP, MDA-MB-231 PARP3–/–), glioma (U87. 
MG and U87. MGΔEGFR), and colorectal cancer (HCT116 p53+/+ and 
HCT116 p53–/–). We also applied the compound to two cell lines of 
murine melanoma (B16-F1 and B16-F10), as well as normal cells 
including human embryonic kidney cells (HEK293) and HEK-ABCB5, 
human peripheral blood mononuclear cells (PBMCs), the human lung 
fibroblast cell line MRC-5, and the murine hepatocyte cell line AML-12.

Oleandrin showed activity at low nanomolar levels against almost all 
cancer cell lines tested. The lowest IC50 was found in A549 ATM–/– lung 
cancer cells (IC50: 6.65 ± 0.45 nM), the highest in MDA-MB-231 
PARP3–/– cells (IC50: 68.14± 3.54 nM) (Fig. 2, Table 2).

Oleandrin did not affect the viability of some other cell lines up to a 
concentration of 500 nM, i.e., AMO1 and OPM2 multiple myeloma cells, 
human and murine SK-MEL-28, Mel-2A, B16-F1, and B16-F10 mela
noma cells, as well as HEK-ABCB5 and MDA-MB-231-BCRP cells. 
Importantly, oleandrin was also inactive on normal cells, besides the 

Table 2 
IC50 values of tumor cell lines and normal cells upon treatment with oleandrin.

Cell type Cell line IC50 (nM)

Lung cancer A549 ATM+/+ 6.98 ± 1.28
Lung cancer A549 ATM–/– 6.65 ± 0.45
Lung cancer H460 MSH6+/+ 19.72 ±

0.61
Lung cancer H460 MSH6–/– 19.42 ±

1.53
T-acute lymphoblastic leukemia CCRF-CEM 13.96 ±

0.12
T-acute lymphoblastic leukemia CEM/ADR5000 14.58 ±

0.42
Glioma U87.MG 19.72 ±

0.25
Glioma U87.MG-ΔEGFR 30.42 ±

0.00
Colorectal cancer HCT116 p53+/+ 25.15 ±

0.00
Colorectal cancer HCT116 p53–/– 22.15 ±

2.25
Breast cancer MDA-MB-231 60.20 ±

1.73
Breast cancer MDA-MB-231 pcDNA3 55.43 ±

0.01
Breast cancer MDA-MB-231 BCRP >500
Breast cancer MDA-MB-231 

PARP3–/–
68.14 ±
3.54

Osteosarcoma U2OS 37.19 ±
3.40

Multiple myeloma AMO1 >500
Multiple myeloma OPM2 >500
Melanoma (murine) B16-F1 >500
Melanoma (murine) B16-F10 >500
Melanoma SK-MEL-28 >500
Melanoma MaMel-80a 55.58 ±

8.21
Melanoma Mel-2A >500
Melanoma SKMEL-505 59.62 ±

0.79
Kidney embryonic cells HEK293 21.11 ±

0.57
Kidney embryonic cells HEK293-ABCB5 >500
Normal peripheral blood mononuclear 

cells
PBMC >500

Normal hepatocytes (murine) AML-12 >500
Normal lung fibroblasts MRC-5 248.7 ±

0.08
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HEK293 cell line (Table 2). MELK downregulation in oleandrin-treated A549 cells as determined by 
microarray hybridization

We used mRNA microarray hybridization to assess differential gene 
expression in the lung cancer cell line A549 ATM+/+ (short A549) with 

Fig. 3. Ingenuity Pathway Analysis (IPA) of gene expression profiling of A549 cells. The cells were treated with the IC50 concentration of oleandrin for 24 h. (A) 
Prediction of a functional network for NSCLC. (B) Top cellular functions and diseases affected by oleandrin. (C) Canonical pathways. A cut-off threshold of 1.3 was 
considered for –log (P value). (D) Western blotting analysis and quantification of MELK protein expression. The bar diagrams were obtained from the calculation of 
the mean value ± SD of three independent experiments performed at different time points.
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the second highest oleandrin response. Compared with untreated A549 
cells, a total of 624 genes were deregulated upon treatment with ole
andrin at IC50 (Supplementary Table S1). The results were further ana
lysed using the Ingenuity Pathway Analyses software (IPA). These 
analyses revealed that various cellular functions and canonical path
ways were affected by oleandrin, e.g., cellular development, cellular 
growth and proliferation, cell death and survival, cellular movement, as 
well as cellular function and maintenance. Most notably, the analysis 
showed “cancer” as a top-affected disease (Fig. 3B). Subsequently, we 
further looked to the functions of DNA damage, apoptosis, and auto
phagy (Fig. 3C), to confirm these microarray-based findings using in
dependent techniques. Comparing the oleandrin-treated A549 cells with 
untreated ones using IPA, the analysis of the upstream regulator 
revealed that A549 cells treated with oleandrin showed downregulated 
MELK expression (Fig. 3A), which is frequently overexpressed in NSCLC 
and causes metastasis and a worse survival prognosis (Ni et al., 2024; 
Tang et al., 2020; Zang et al., 2019). Therefore, we confirmed the 
downregulation of MELK expression using western blotting (Fig. 3D) 
and qRT-PCR (Fig. 4C) upon oleandrin treatment. Subsequently, we 
assessed the cellular functions of MELK, including mitosis, apoptosis, 
and cellular movement.

Oleandrin-induced gene expression alterations

The correlation between the determined fold changes of microarray 
hybridization and qRT-PCR data for the top deregulated genes (CXCL5, 
TFPI2, EIF1, RPL41, CCT3, and EIF5) was computed. The Pearson cor
relation coefficient was 0.97 (p < 0.01), indicating a high degree of 
agreement between these two methods (Fig. 4A, B).

Binding affinity of oleandrin to MELK in silico

The S score of the binding of oleandrin with the crystal structure of 
MELK protein (PDB: 5IH9) was –9.08 ± 0.13. Oleandrigenin (oleandrin 
aglycone) and NVS-MELK8a (the known inhibitor of MELK) showed less 
binding affinity to MELK than oleandrin with S scores of –7.39 ± 0.09, 
and –8.88 ± 0.09, respectively (Fig. 5). These results represent the mean 
values ± SD of three independent runs using MOE 2022.02.

Binding affinity of oleandrin in vitro

There was a strong binding between oleandrin and MELK recombi
nant protein as detected by the MST binding assay. The Kd value was 
7.81 ± 0.98 µM (Fig. 6).

Fig. 4. Technical verification of microarray hybridization data using qRT-PCR analysis. (A) Linear regression and Pearson correlation coefficients of qRT-PCR (x- 
axis) and microarray data (y-axis) in A549 cells. (B) The expression level of top deregulated genes assessed in A549 cells treated with IC50 concentration of oleandrin 
compared to untreated cells. The x-axis represents the genes whereas the y-axis represents the fold change. These results reflect the mean values ± SD of three 
independent experiments. (C) The expression level of MELK, autophagy-related genes (Beclin1, ATG5 and P62), and ferroptosis-related genes (GPX4, ACSL4, and 
TRFC). The levels were assessed in A549 cells treated with IC50 concentration of oleandrin compared to untreated cells.
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Fig. 5. MOE-molecular docking of ligands binding to MELK (PDB: 5IH9). (A) Binding of all candidates. Interactions of amino acid with (B) oleandrin (green), (C) 
oleandergenin (blue), and (D) the known inhibitor NVS-MELK8a (red). (E-G) are 2D views of (B-D), respectively. Images were created with the Discovery Stu
dio visualizer.
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Microtubule network disruption and migration inhibition of A549 cells by 
oleandrin

We assumed that oleandrin might inhibit mitosis due to its inhibition 
of MELK. To test for mitosis inhibition, we examined the effect of ole
andrin on microtubules. Microtubules are essential for the separation of 
chromosomes during mitosis. They are druggable targets in different 
types of cancers including lung, breast, and ovary tumors. Anti-tubulin 
agents such as taxanes and Vinca alkaloids are clinically established 
for the treatment of non-small cell lung cancer and many other tumor 
entities.

We investigated the effect of oleandrin on microtubules using U2OS 
cells stably transfected with an α-tubulin-GFP fusion cDNA construct. 
The cells were subjected to different concentrations of oleandrin 
equivalent to 0.5 × IC50, IC50, 2 × IC50, and 4 × IC50.

In the untreated control sample, the microtubules were spreading in 
the cytoplasm with appropriate networking and the nuclei had a normal 
morphology. Oleandrin-treated samples showed a similar morphology 
as paclitaxel-treated control cells specifically a condensation of micro
tubules and disintegration of nuclei (Fig. 7). The microtubules were 
shrunk, and they lost their extended network in a dose-dependent 
manner. Whereas vincristine-treated cells presented with decreased 
the expansion of microtubules at the margins keeping it surrounding the 
nucleus. The investigation of our data by IPA showed that the cellular 
movement was affected in oleandrin-treated cells. Considering that 
MELK is essential for cell migration, we investigated the effect of ole
andrin on cell migratory capacity using an in vitro scratch assay with the 
A549 cell line. A concentration-dependent decrease in the wound- 
closure ability was observed with increasing concentrations of olean
drin (Fig. 8). The wound-closure percentage after 24 h incubation was 
71.76 ± 2.35 %, 44.58 ± 5.35 %, 25.97 ± 3.49 %, 24.47 ± 3.58 %, and 
16.09 ± 5.78 % in the untreated-control and samples treated with 0.5 ×
IC50, IC50, 2 × IC50, or 4 × IC50, respectively. After 48 h incubation, the 
values were 96.88 ± 5.41 %, 63.93 ± 2.49 %, 42.48 ± 4.98 %, 44.22 ±
6.08 %, and 27.35 ± 4.46 % for untreated-control, 0.5 × IC50, IC50, 2 ×
IC50 and 4 × IC50, respectively (Fig. 8).

Oleandrin does not induce DNA damage

A previous report suggested that oleandrin induces DNA damage 
(Bao et al., 2016). Therefore, we performed single-cell electrophoresis 
(comet) assays under both neutral and alkaline conditions. Wild-type 
U2OS cells were treated with oleandrin concentrations equivalent to 
0.5 × IC50, IC50, 2 × IC50, and 4 × IC50. While the positive control 
compound, t-BuOOH induced DNA breaks, the tail intensity upon ole
andrin treatment was comparable to untreated control in both 

conditions indicating that oleandrin did not induce DNA-damage in 
U2OS cells (Fig. 9).

Oleandrin induces apoptosis, autophagy, and ferroptosis in A549 cells

It has been reported that both MELK inhibition and mitotic arrest can 
lead to apoptosis (Bhalla, 2003; Ibrado et al., 1998; Jordan, 2002; Tang 
et al., 2020). We measured induction of apoptosis by oleandrin using 
flow cytometry and SYTOX® AADvanced™ dead cell stain. After 48 h 
treatment, oleandrin induced apoptosis in A549 cells. Most prominently, 
treatment with 4 × IC50 concentration resulted in 17.7 % apoptotic cells 
compared with untreated cells (Fig. 10A and B). This result was further 
verified by western blot, which showed increased expression of cleaved 
caspase 3, indicating oleandrin induced apoptosis (Fig. 10C and D).

Flow cytometry was also used to detect autophagy. After 48 h in
cubation, the untreated control cells had less fluorescence signals than 
oleandrin-treated cells. The signal intensity decreased proportionately 
with increasing oleandrin concentrations. Remarkably, in higher con
centrations, oleandrin induced autophagy more strongly than the posi
tive control rapamycin (Fig. 11). We detected the expression levels of 
autophagy-related genes BECN1 (Beclin1), ATG5, and SQSTM1 (P62) 
using qRT-PCR. The former two genes were upregulated, whereas P62 
was downregulated indicating induction of autophagy (Fig. 4C),

In order to detect ferroptosis, A549 cells were treated with the fer
roptosis inhibitor ferrostatin-1 an hour before the treatment with ole
andrin, followed by 48 h incubation. The IC50 of oleandrin increased 
from 7.20 ± 0.37 to 16.70 ± 0.24 nM upon inhibitor treatment, indi
cating that oleandrin induced a ferroptotic mode of cell death (Fig. 12). 
Using qRT-PCR, we detected the expression levels of ferroptosis-related 
genes GPX4, ACSL4, and TRFC, the latter two genes were upregulated 
whereas GPX4 was highly downregulated indicating induction of fer
roptosis (Fig. 4C).

Xenograft tumor animal assay

The efficacy and acute toxicity of oleandrin were tested in vivo in a 
A549 xenograft tumor zebrafish model. Cisplatin was used as positive 
control drug. As expected, it significantly inhibited the growth of the 
tumor in zebrafish (Fig. 13A). Oleandrin successfully reduced the tumor 
sizes in a dose-dependent manner in the three tested concentrations 
(Fig. 13B). These concentrations did not cause deaths in the zebrafish 
indicating reasonable safety (Fig. 13C).

ADMET analysis of oleandrin properties

We conducted an ADMET (absorption-distribution-metabolism- 
excretion-toxicology) analysis of oleandrin using ADMETlab 2.0 
(https://admetmesh.scbdd.com). The results are shown in Supplemen
tary Material S2. The prediction revealed that oleandrin has 9 hydrogen 
bond acceptors, two hydrogen bond donors, and 6 rotatable bonds. All 
these values and the other physicochemical properties were within the 
optimal range, except for the number of rigid bonds which was 33 
(optimal is 0- 30). Oleandrin did not show any violation of the Lipinski’s 
rule. The water solubility (log S) was –4.32. The partition coefficient 
logP was 2.38, indicating optimum partition. In general, the analysis 
predicted good absorption and distribution properties. Nevertheless, it 
showed median crossing of the blood-brain barrier. Oleandrin presented 
with a moderate clearance rate. Regarding rat oral acute toxicity, 
ADMETlab 2.0 generally classifies compounds into two categories: 
category 0 (low toxicity) and category 1 (high toxicity). Oleandrin 
reached a value of 0.96, indicating a high probability to rat oral acute 
toxicity. Regarding the FDA maximum recommended daily dose 
(FDAMDD), ADMETlab 2.0 has two categories: category 1 (FDAMDD+) 
and category 0 (FDAMDD–). A score of 0.95 for oleandrin indicated that 
it belonged to category 1.

Fig. 6. Binding assay of oleandrin and MELK using MST. The x-axis represents 
oleandrin concentration, while the y-axis represents the percentage of Fnorm.
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Discussion

Based on our recent results on a cold-water extract of Nerium ole
anderl. (Breastin) (Rashan et al., 2023), we investigated the 
tumor-supressing activity of oleandrin, one of the major constituents of 
Nerium oleander extract. In the current study, oleandrin was tested 
against 23 different cancer cell lines. Remarkably, it inhibited 16 cell 
lines at low nanomolar concentrations. The highest activity was in A549 
non-small lung cancer cells. Therefore, we used this cell line for further 
investigation considering the need for less toxic and more effective drugs 

for this tumor entity.
The transcriptomics-based analyses of affected signaling pathways 

indicated that the treatment of A549 cells with oleandrin dysregulated 
the expression of number of genes. The technical validation of the 
microarray analysis was performed using qRT-PCR through testing three 
of the upregulated genes (CXCL5, TFPI2, and EIF1) besides three of the 
downregulated ones (RPL41, CCT3, and EIF5). The high calculated 
Pearson correlation coefficient was 0.97 (p < 0.01) signifying a sub
stantial level of agreement between qRT-PCR and microarray hybridi
zation analysis (Fig. 4).

Fig. 7. Disruption of the microtubule network upon treatment with oleandrin in U2OS cells stably expressing GFP-α-tubulin protein. The cells were fixed with 4 % 
paraformaldehyde and stained with DAPI (blue stain in nuclei) after treatment for 24 h. Both paclitaxel (0.5 µM) and vincristine (0.25 µM) were used as controls as 
depolymerization inhibitor and polymerization inhibitor, respectively. An AF7000 widefield fluorescence microscope was used to capture the images (magnification: 
40 ×; scale bar = 10 µm).
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These microarray hybridization data revealed that oleandrin down
regulated MELK in A549 cells. Even though the fact that MELK has been 
identified as an important oncogenic kinase, few MELK inhibitors have 
been developed to date. Therefore, we decided to investigate the MELK 
inhibitory activity of oleandrin in A549 cells in more detail. Conse
quently, we explored the cellular functions related to MELK, including 
cellular movement, mitotic progression, and programmed cell death 
(Speers et al., 2016).

For the examination of mitotic progression, we investigated the ef
fect of our MELK inhibitor oleandrin on microtubules. As anticipated, 
oleandrin disturbed the microtubules extended network in a dose- 
dependent manner. The effect was similar to that exerted by the depo
lymerization inhibitor paclitaxel that was used as a control. The anti- 
mitotic effect of oleandrin could be attractive for further investigation 
in the future, because the number of available anti-mitotic drugs is 

limited for the treatment of NSCLC, and novel mitotic spindle inhibitors 
are needed. This finding aligned with our previous results on Nerium 
oleander extract, in which the depolymerization inhibitor activity of the 
extract has been demonstrated (Rashan et al., 2023). Our current results 
suggest that oleandrin was one of the components responsible for this 
activity. It is important to note that mitotic arrest also can lead to 
apoptosis (Blagosklonny, 2007). As tubulin inhibitors generally gained 
attention in cancer drug discovery, there are numerous microtubule 
inhibitors in preclinical studies and clinical trials (Edelman, 2009; 
Edelman and Shvartsbeyn, 2012; Gan et al., 2007; Hardin et al., 2017; 
Liu et al., 2022). On a related level, we tested cellular movement as it is 
highly affected by tubulin formation and MELK (Du et al., 2014; Xu 
et al., 2020), A decreased wound-closure ability was observed in a time- 
and concentration-dependent manner indicating that oleandrin inhibi
ted cell migration. Previous studies reported that oleandrin inhibited 

Fig. 8. Inhibition of A549 cells migration by different concentrations of oleandrin after exposure for (A) 24 h or (B) 48 h. (C) The bar chart indicates the percentage 
of wound closure (y-axis) after 24 h or 48 h treatment with oleandrin equivalent to 0.5 × IC50, IC50, 2 × IC50, 4 × IC50 (x-axis). Data are presented as mean values ±
SD of three independent experiments. The scale bar represents 100 μm.
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Fig. 9. Analysis of DNA single-strand breaks using the (A) alkaline comet assay and (B) neutral comet assay. The x-axis represents 50 U2OS wild-type cells which 
were analysed randomly for each of the experimental conditions including oleandrin-treated cells, un-treated cells (negative control) and t-BuOOH-treated cells 
(positive control), the y-axis represents the tail intensity.

Fig. 10. Detection of apoptosis in oleandrin-treated A549 cells. (A) A549 cells treated with oleandrin equivalent to 0.5 × IC50, IC50, 2 × IC50, and 4 × IC50 and the 
positive control camptothecin (10 μM). The cells were harvested after 48 h, stained according to the protocol. On a flow cytometer, samples were analyzed at 405 nm 
excitation for F2N12S using a 586/20 nm and a 525/45 nm bandpass filter. SYTOX® AADvanced™ dead cell stain was excited at 488 nm and detected using a 
bandpass filter of 695/40 nm. 50 thousand events were recorded. The samples were compared to untreated ones. l= living cells, D = dead cells A = apoptotic cells. 
The experiment was performed three times independently. (B) Quantification of living, dead, and apoptotic cells. The x-axis shows the tested concentrations of 
oleandrin whereas the y-axis shows the fraction of cells. (C) Detection of caspase-3 using western blotting. (D) Quantification of caspase-3 expression levels from 
Western blot, the x-axis shows the tested concentrations of oleandrin whereas the y-axis shows the expression of proteins after been normalized with negative control. 
All bar diagrams were obtained from the calculation of the mean value ± SD of three independent experiments performed at different time points.
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migration and invasion of U2OS and SaOS-2 osteosarcoma cells (Ma 
et al., 2015). Similarly, oleandrin was found to reduce cell migration in 
both human glioma (Garofalo et al., 2017) and Ishikawa endometrial 
adenocarcinoma cells (Secer Celik et al., 2023). Certainly, cell migration 
is particularly significant in pathological conditions, such as cancer in
vasion which is essential for cancer metastasis (Friedl and Wolf, 2010). 
The inhibition of cell migration has special importance in NSCLC, which 
is related to metastasis and poor prognosis.

Besides its effect on cellular movement and mitotic progression, 
MELK downregulation leads to programmed cell death. In the current 
investigation, we found that oleandrin induced different modes of pro
grammed cell death in A549 cells, i.e., apoptosis, autophagy, and fer
roptosis. Oleandrin induced apoptosis in A549 cells in a dose-dependent 
manner as measured by the violet ratiometric membrane asymmetry 
probe/dead cell assay and western blotting. Oleandrin is a cardenolide 
steroidal glycoside that belongs to the family Apocynaceae from which 
25 % of its isolated cardenolides had approved anticancer activity (Wen 
et al., 2016). Several other cardenolides from this family are known to 
effectively induce apoptosis in human tumor cells while having little 
negative effects on normal cells (Bloise et al., 2009; Martucciello et al., 

2022; Rascón-Valenzuela et al., 2016; Verheye-Dua and Böhm, 2000; 
Wen et al., 2016). An example of the apoptotic cardenolides is digoxin 
(Digitalis purpurea), which has been involved in clinical trials to treat 
NSCLC, breast and prostate cancer. Similarly, the cardenolide 
UNBS1244 (Calotropis procera) and its semisynthetic derivative 
UNBS-1450 had been clinically trailed after its approved efficacy in 
A549, NCI-H727, A427, and CAL-12T cell types of NSCLC (Wen et al., 
2016). Correspondingly, ouabain (from Strophanthus gratus) together 
with several other cardenolides had induced apoptosis if tested in 143B 
osteosarcoma cells (Delebinski et al., 2015). Our experimental data 
showed that oleandrin exerted anticancer effects by efficiently inhibit
ing the proliferation of A549 lung cancer cells without causing consid
erable harm to healthy cells, including normal human lung cells MRC-5, 
human PBMCs and normal murine hepatocytes AML-12, suggesting that 
oleandrin could have an acceptable safety profile.

Additionally, it has been reported that the inhibition of MELK in
duces apoptosis mediated by caspase-3. Here, the apoptotic effect of 
oleandrin may be comparable to the action of the known MELK inhibi
tor, OTSSP167 (Pitner et al., 2017; Tang et al., 2020). Moreover, ole
andrin has also been reported to induce caspase-3-dependent apoptosis 
in PC-3 prostatic cancer cells, thereby increasing the cellular sensitivity 
to radiotherapy (Nasu et al., 2002).

Furthermore, oleandrin significantly induced autophagy in a dose- 
dependent manner after 48 h incubation (Fig. 11). Unexpectedly, 
autophagy induced by oleandrin dose-dependently decreased, while 
apoptosis induction increased. It can be speculated that various modes of 
programmed cell death occur simultaneously and that a switch from 
autophagy at low concentrations to apoptosis at higher concentrations 
of oleandrin took place in A549 cells. For additional verification, we 
tested the expression level of autophagy-related genes BECN1, ATG5, 
and SQSTM1 using qRT-PCR. Both BECN1 and ATG5 were highly up- 
regulated whereas there was a down-regulation P62 indicating induc
tion of autophagy (Fig. 4.C). To the best of our knowledge, it is the first 
time to demonstrate oleandrin autophagy induction in A549 lung can
cers. Autophagy by oleandrin has been recently reported human PANC-1 
pancreatic cancer cells (Newman et al., 2007).

Interestingly, oleandrin also induced ferroptosis besides apoptosis 
and autophagy in A549 cells. Using the ferroptosis inhibitor ferrostatin- 
1, the IC50 value of oleandrin moderately increased from 6.98 ± 1.28 nM 
to 16.70 ± 0.24 nM indicating that ferroptosis was operative. We 
confirmed this result with testing the expression levels of three 
ferroptosis-related genes. Oleandrin-treated cells showed up-regulation 

Fig. 11. Induction of autophagy in oleandrin-treated A549 cells. The cells were stained with green detection reagent after 48 h incubation. The fluorescence was 
measured using a flow cytometer at an excitation and an emission wavelength of 463 and 534 nm, respectively. The experiment was independently repeated three 
times to calculate the mean and SD values. The x-axis of the bar diagram axis shows the tested concentrations of oleandrin besides the negative control and the 
positive control rapamycin; however, the y-axis shows the fluorescence of the green reagent.

Fig. 12. Ferroptosis analysis of oleandrin-treated A549 cells using the resazurin 
reduction assay. The data represent the mean and SD of three independent 
experiments performed at different time points with six replicates each.
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of ACSL4 and TRFC whereas GPX4 was highly downregulated indicating 
induction of ferroptosis (Fig. 4.C). These results correspond with the 
signaling pathway analysis of our transcriptomic mRNA expression data, 
where we found that oleandrin induced ferroptosis. This is the first time 
to report the potential of oleandrin to induce ferroptosis.

After the establishment of the Trans-NIH Zebrafish Coordinating 
Committee at the National Institutes of Health in 1997 (Grunwald and 
Eisen, 2002), zebrafish (Danio rerio) had been widely used as a model in 
studying human cancer biology and metastasis. This is due to histo
pathological similarities between human and zebrafish tumors, and the 
ease of genetic modification. The larval zebrafish is an ideal in vivo 
model for the injection of malignant cells without the risk of rejection 
since it lacks adaptive immunity. In addition, the transparency of the 
animal allows monitoring and imaging of the tumor (Amatruda et al., 
2002; Astell and Sieger, 2020). Here, oleandrin significantly reduced the 
growth of A549 tumors, showing dose-dependent inhibition at dosages 
of 0.195, 0.391 and 0.781 ng. Neither side effects nor deaths were 
observed (Fig. 13).

Oleandrigenin is the first metabolite that appears during the degra
dation of oleandrin in the body. In the first pass of the drug in the mice 
liver, oleandrin content is >60 %, whereas oleandrigenin is 28 % (Zhai 

et al., 2022). Because oleandrigenin is a bioactive metabolite, we per
formed molecular docking of both oleandrigenin and oleandrin to see 
whether or not these compounds may bind with MELK. We used 
NVS-MELK8a rather than OTSSP167 as a control inhibitor of MELK 
because of its selectivity (62,63). We docked these three molecules to the 
ligand binding site using MOE 2022.02. Our analysis indeed showed the 
potential of oleandrin to bind to the ligand binding pocket in the crystal 
structure of the MELK protein. Interestingly, the S-value for oleandrin 
was –9.08 ± 0.13 kcal/mol which is lower than that of NVS-MELK8a 
(–7.39 ± 0.09 kcal/mol), indicating that oleandrin had higher binding 
affinity to the ligand binding pocket than the inhibitor NVS-MELK8a 
itself (Fig. 5). Oleandrigenin was also bound to the ligand binding 
pocket of MELK but with less affinity than oleandrin. The weaker 
binding affinity of oleandrogenin as degradation product of the parental 
compound oleandrin indicates that the metabolization process within 
the body leads to decreased rather than increased bioactivities. We 
further assessed the binding between oleandrin and MELK using MST, a 
biophysical method that measures the strength of molecular in
teractions. As anticipated, oleandrin had strongly bound to MELK 
labelled protein with Kd 7.81 ± 0.98 µM (Fig. 6). This relatively high Kd 
value compared to IC50 suggests that the inhibition of MELK might not 

Fig. 13. (A) A549 xenograft observation in zebrafish treated with indicated doses of oleandrin and the positive control cis-platinum. The red fluorescence reflects 
A549 tumor mass. Images were captured at 60× magnification (scale bars = 100 µm) (B) Statistical data of red fluorescence intensity (y-axis) for A549 cells in 
response to treatment with oleandrin and positive control (x-axis). Using unpaired 2-tailed student’s T-test, the values were presented as the mean ± SD. *: p < 0.05, 
**: p < 0.01 and ***: p < 0.001 compared to the model. (C) Acute toxicity expressed as death rate ( %) (n = 30).
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the exclusive mechanism for oleandrin. Oleandrin also affected other 
cellular mechanisms such as inducing DNA damage responses in lung 
cancer cells by suppressing the expression of Rad51 (Bao et al., 2016). It 
also inhibited the invasion of breast cancer cells MDA-MB-231 and 
RT-R-MDA-MB-231 by suppressing the STAT-3 signalling pathway (Ko 
et al., 2018).

MELK is highly expressed in NSCLC (Tang et al., 2020; Zang et al., 
2019). Important studies demonstrated that MELK is preferentially 
expressed in cancer cells rather than the vital organs such as the heart, 
liver, lung and kidney (Ganguly et al., 2014; Lin et al., 2007; McDonald 
et al., 2020; Touré et al., 2016). MELK exclusively binds to the oncogenic 
transcription factors c-Jun and FoxM1 forming a heterotrimeric complex 
in cancer stem cells. However, it does not bind to normal progenitor and 
stem cells (Gu et al., 2013; Joshi et al., 2013). Therefore, the develop
ment of selective MELK inhibitors could be highly valuable in the 
treatment of cancers in these organs with minimum side effects in 
normal tissues.

The analysis of the absorption-distribution-metabolism-excretion- 
toxicology (ADMET) properties indicated that oleandrin might poten
tially exert some toxic activity. However, our data revealed that olean
drin has a reasonable safety profile if tested against MRC-5 normal lung 
fibroblasts with a good selectivity index of 31.56. Moreover, oleandrin 
did not affect PBMC and normal hepatocytes AML-12 in the investigated 
concentration range. Still, oleandrin may cause side effects at higher 
concentrations since preclinical in vivo trials on beagles showed that a 
dose exceeding 6.9 μg/kg caused cardiac toxicity, while 4.6 μg/kg had 
no negative effects (Fossum et al., 2024). Even though, many of the 
clinically established anticancer drugs were derived from poisonous 
plants such as paclitaxel from Taxus spp., as well as vincristine and 
vinblastine from Catharanthus roseus, and others. This fact should 
motivate further investigations on this highly promising molecule.

Cardiac glycosides are known for their toxicity, especially car
diotoxicity. In a clinical phase 1 trial with Breastin, rather mild and 
tolerable side effects were observed in patients which were compatible 
with those seen in mouse experiments (Fiebig et al., 2008). Another 
aqueous N. oleander extract (Anvirzel) also only showed mild toxicities 
in a clinical phase 1 trial with tumor patients, e.g., fatigue, nausea, 
vomiting, and dyspnea (Mekhail et al., 2006). A serious problem rep
resents self-medication with oleander leaves (Bavunoğlu et al., 2016; 
Carfora et al., 2021). Side effects of Nerium oleander and oleandrin 
include the gastrointestinal system (nausea and vomiting, excess sali
vation, abdominal pain, diarrhea), heart (arrhythmia, hypotension), and 
central nervous system (drowsiness, muscle tremors, seizures, collapse, 
and coma) (Guru et al., 2021; Zhai et al., 2022). Lethal oleander in
toxications occurred more frequently in children than in adults 
(Langford and Boor, 1996). Although the preliminary data with Breastin 
and Anvirzel did not speak for severe and life-threatening side effects, it 
is wise to be cautious. If oleandrin or standardized Nerium oleander 
would ever reach the clinics, close monitoring of side effects is neces
sary. Self-medication is strongly discouraged as it is for any other 
established anticancer drug as well.

Conclusion

In this study, we reported oleandrin for the first time as MELK in
hibitor in A549 cells. We suggested that oleandrin could be valuable in 
NSCLC therapy research in the future. However, additional in-depth 
research is necessary to characterize its safety profile and its suit
ability for future development.
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